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We have used a MHz lock-in x-ray spectro-microscopy technique to directly detect changes of 
magnetic moments in Cu due to spin injection from an adjacent Co layer. The elemental and 
chemical specificity of x-rays allows us to distinguish two spin current induced effects. We detect 
the creation of transient magnetic moments of 3 x 10“® pa on Cu atoms within the bulk of the 28 nm 
thick Cu film due to spin-accumulation. The moment value is compared to predictions by Mott’s 
two current model. We also observe that the hybridization induced existing magnetic moments 
on Cu interface atoms are transiently increased by about 10% or 4 x 10“®/rB. This reveals the 
dominance of spin-torque alignment over Joule heat induced disorder of the interfacial Cu moments 
during current flow. 


One of the new paradigms in magnetism research is 
the use of spin currents to read and write static mag¬ 
netic bits via the giant magneto-resistance (GMR) [l| 
and spin transfer torque effects Si- Spin currents are 
also believed to play a key role in the ultrafast manipula¬ 
tion of the magnetization by femtosecond optical pulses, 
like in all optical switching They exist even dur¬ 

ing current flow through non-magnetic materials consist¬ 
ing of atoms with large spin-orbit coupling such as Pt, 
leading to spin accumulation through the spin Hall or 
Rashba effects Bi. The presence of spin currents is 
typically revealed through current or voltage dependent 
measurements, but an atomic level understanding of the 
detailed spin dependent scattering mechanisms requires 
techniques that can directly probe the electronic struc¬ 
ture at the nanoscale. 

In this letter we report the direct detection of the tran¬ 
sient magnetization in a non magnet (Cu) caused by in¬ 
jection of spin polarized current from an adjacent fer- 
romagnet (Co). This is accomplished by a significant 
advancement in the sensitivity of scanning transmission 
microscope (STXM) which is achieved by time depen¬ 
dent modulation of a spin current synchronized with x- 
ray pulses to produce a sensitivity corresponding to the 
magnetic moment of about 50 Fe atoms. Using this tech¬ 
nique, we were able to measure an extremely small tran¬ 
sient x-ray magnetic circular dichroism (XMCD) effect 
in the non-magnetic Cu layer. 

Our experimental arrangement, shown in Fig.[Tl was 
similar as that employed in previous studies of spin 
torque switching Q. However, instead of observing di¬ 
rectional changes of the large atomic magnetic moments 
of ~ 2 /tb in a ferromagnetic (FM) Co layer we used 
the XMCD effect to quantitatively measure the tiny, 


~ 10“^^B/atom, transient signal due to spin currents 
in interfacial and bulk Cu atoms. 

The samples consisted of a multilayer grown by 
sputtering, where the ferromagnetic polarizer layer 
[0.3Co/0.9Pd]6/0.3Co/[0.6Ni/0.09Co]3/0.21Co, was de¬ 
signed to have a strong perpendicular magnetic 
anisotropy and large spin polarization, as previously dis¬ 
cussed in [I^. It is important to note that the Co and 
Ni layers were deposited at room temperature where they 
are immiscible so that the resulting Co/Ni multilayer ex¬ 
hibits perpendicular anisotropy and the final interface 
consists of Co/Cu. The out-of-plane magnetization for 
the ferromagnetic layer facilitated XMCD imaging in the 
transmission geometry. The ferromagnetic Co interface 
layer was followed by a Cu layer of 28 nm. The multilayer 
stack was fabricated into a nanopillar by using electron 
beam lithography with a top contact of 5Cr/50Au and a 
bottom contact of 3Ta/30Ru/3Ta/30Ru/5Ta/2Pd. The 
pillar had a resistance of ^47H. In order to measure the 
x-ray transmission through the pillar, the Si wafer on the 
backside was etched leaving the sample supported by the 
SiNa; membrane. The key parts of the sample structure 
are shown in Fig. [11(c). 

The measurements were performed at the STXM 
beamline (13-1) at the Stanford Synchrotron Radiation 
Lightsource (SSRL) shown in Fig.[T](b). Circularly polar¬ 
ized x-rays from an undulator were focused to a spot size 
of 35 nm by a zone plate lens and the transmitted inten¬ 
sity was measured with an avalanche photo diode. The 
sample was raster-scanned to generate an image. Current 
on/off periods applied to the sample were synchronized 
with the cycle time of the storage ring (781.2 ns) using 
the counting electronics |lll|. as illustrated in Fig. □(a). 
This detection scheme [12| allowed us to reach a sensitiv¬ 
ity of 1 X 10“^, more than an order of magnitude increase 
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FIG. 1: (a) Timing of current pulses, x-ray pulses and data 

collection periods, as discussed in the text, (b) Schematic of 
the x-ray microscopy measurements. The x-ray spot size at 
the sample was 35 nm and the transmitted x-rays were de¬ 
tected by an avalanche photo diode. Images were recorded 
by raster scanning of the sample, (c) The sample consisted 
of a nanopillar of 240 nm diameter containing a ferromag¬ 
netic multilayer with perpendicular magnetization direction, 
as discussed in the text. Current to the pillar was supplied 
by Au and Ru contact leads, as shown. The current is de¬ 
fined as positive when flowing from Cu to the ferromagnet, 
corresponding to electron flow in the opposite direction. At 
the bottom right, we show a representative STXM contrast 
image revealing the nanopillar, taken at the Cu L 3 resonance 
energy of 932.7 eV. 


in sensitivity (6 x 10 “^) over previous attempts to detect 
spin accumulation with x-rays [l^ . 

Fig.[2](a) shows the averaged line scan across the 
nanopillar, for the transmitted current on/off intensity 
ratio, recorded with plus (cr-|-, blue) 

and minus (cr—, red) x-ray helicities. This measurement 
was taken at -5 mA, which corresponds to a current den¬ 
sity of lO^^A/m^. Fig. [2](b) shows similar line scans for 
the opposite direction of current flow (-1-5 mA). The in¬ 
set shows the current dependence of the XMCD contrast, 
defined as (/‘^+ — /'^“)/(J‘^+ +1'^“). It increases linearly 
with the current. The current on/off normalization re¬ 
moves any contrast due to topography and static magne¬ 
tization. The dependence of the image contrast on x-ray 
polarization and current flow direction in Figs. [2](a) and 



FIG. 2: (a) Line scan across the nanopillar. Plotted is the 

ratio of the transmitted intensities for current on versus off, 
7°^^ = , recorded for negative {<j~) and positive (u^) 

helicities of the incident x-rays and -5 mA current, (b) Same 
as in (a) for opposite current direction (-1-5 mA). The inset 
shows the dependence of the XMCD contrast, defined as the 
intensity ratio — 7‘^“)/(7°'+ + 


(b) proves that it arises from a magnetic effect. The 
size of the contrast is similar for both current directions 
within an error margin of I x 10“®. 

Fig-El shows the transient XMCD spectrum (red data 
points) obtained from integrated image intensities as a 
function of photon energy across the Cu L 3 resonance 
with an applied current of +5mA current. The tran¬ 
sient Cu XMCD signal exhibits a two peak structure, 
clearly revealed by curve fitting with Gaussians (dashed 
red curves). The lower peak is centered at the inflection 
point of the Cu metal x-ray absorption spectrum (XAS), 
shown as a solid gray curve appropriately scaled for ref¬ 
erence, and has a full width half maximum (FHWM) of 
0.57eV. The second peak is located 0.7eV higher in en¬ 
ergy and has a FWHM of 1.0 eV. 

We assign the lower energy transient XMCD peak in 
Fig .m to Cu atoms in the bulk of the 28 nm thick film. It 
is due to spin accumulation induced by a mismatch of the 
spin dependent resistivities across a Co/Cu interface and 
exists over a distance that is determined by the spin diffu¬ 
sion length 1^. For our sample, the spin accumulation is 
approximately constant across the Cu layer whose thick¬ 
ness of 28 nm is much smaller than the Cu spin diffusion 
length of ~ 350 nm 15, m. Our assignment is supported 
by the fact, that its position coincides with the inflection 
point of the Cu metal XAS spectrum which corresponds 
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FIG. 3: Comparison of the L 3 x-ray absorption spectrum 
(XAS) of Cu metal (gray line) with the transient Cu XMCD 
signal (red squares) of the nanopillar sample, recorded with 
-I- 5 mA current on/off. A fit of the transient spectrum (red 
line) composed of two Gaussians (dashed red) is shown su¬ 
perimposed. 


to the position of the Fermi level [17[. The XMCD 
peak also has the minimum width allowed by the 2 p 3/2 
core hole lifetime (~ 0.5 eV) Sill, in good accord with 
the notion that within the bulk of the Cu film the tran¬ 
sient spins flow and accumulate within a narrow energy 
band around the Fermi level. 

The higher energy peak position in Fig. [3] is close to 
the peak of the XAS spectrum. Based on earlier work 
on Co/Cu multilayers (ML) [ 13 , 11 ^ and detailed stud¬ 
ies of the XMCD and XAS spectra of Co/Cu alloys it 
is assigned to magnetic Cu interface atoms with a room 
temperature moment of ~ 0.05 fiB [ISIIS- For our sam¬ 
ple with a single Co/Cu interface, the static XMCD peak 
of the interface atoms was too weak to be detected since 
the Cu signal is dominated by the bulk of the film. How¬ 
ever, its transient XMCD signal was observable owing 
to the high sensitivity of our MHz lock-in current on/off 
technique. 

For the same ferromagnetic alignment direction of the 
Co moments in ML and CoCu alloy reference samples and 
in our pillar sample, we find that the signs of the static 
Co and Cu interface XMCD peaks and those of the two 
transient peaks in Fig.[3]are the same for a -|-5mA current 
direction. From the size of the integrated transient Cu 
XMCD signal we can estimate the magnetic moment per 
Cu atom caused by the spin current using the procedure 
in Ref. 0 . Exploiting the fact that the density of states 


for pure Cu m and a Cu layer sandwiched between Co 


21 | exhibits more d than s states around Ap and that the 


XMCD signal is dominated by 2p^/2 —t 3d transitions, we 
derive a moment of mcu — 3xlO“^/iB per Cu atom for 
the lower energy peak. If we assign the intensity of the 
second peak to a single layer of Cu interface atoms, the 
transient moment per atom is mcu— 4x 10 ~^ytB. 
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FIG. 4: (a) Schematic density of states (DOS) without cur¬ 
rent flow {Ef = = p^) for itinerant s-p and localized d spins 

for bulk Co and Cu, and Cu interface atoms. The exchange- 
split d DOS of the Co and magnetic Cu interface atoms ex¬ 
hibits occupied (blue) and unoccupied minority spin states 
(yellow), which is absent in bulk Cu. The static XMCD ef¬ 
fect arises from transitions to the yellow shaded unoccupied 
d states, (b) Model of the spin dependent electron chemical 
potentials in the presence of electron spin flow from Co to Cu 
across an abrupt interface without interface states. The di¬ 
agram corresponds to the shown Co magnetization direction 
and -|-5mA current as in Fig. nKc). The spin averaged chemi¬ 
cal potentials fico in Co and pcu in Cu are shown in red. The 
chemical potentials decay exponentially with distance from 
their maximum values p^(0) and p'^(O) at the interface. The 
origin of the transient XMCD effect is discussed in the text. 


The size and sign of the transient Cu moment of the 
lower energy XMCD peak in Fig. [31 which is assigned 
to spin accumulation in the bulk of the 28 nm thick Cu 
film^ can both be explained by Mott’s two current model 
HlH. In this model the current flows in independent, 


parallel spin-up and down channels, and spin-flip scat¬ 
tering is forbidden. In each spin channel, the resistivity 
is determined by scattering of itinerant s-p electrons into 
empty d states localized on the atomic sites. In a strong 
ferromagnet like Co, the majority d states lie below the 
Fermi energy and are filled. The resistivity is therefore 
determined by transitions of minority s-p electrons into 
minority d holes in accordance with the band structure 
schematically illustrated in Fig.|4](a). In Cu, the d band 
lies well below the Fermi level and the lack of localized 
empty d states in both spin channels leads to a low resis¬ 
tivity. 

When electrons flow from Co to Cu, the minority spins 
experience a lower resistance in Cu since there are less 
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empty d states to scatter into. The Co side of the inter¬ 
face region is therefore preferentially depleted of minor¬ 
ity spins. Charge neutrality then requires accumulation 
of the majority spins. Since there must be continuity in 
each spin channel across the interface, the accumulation 
of majority spins exists on both sides of the interface, as 
illustrated in Fig.|4](b). For electrons flowing from Cu 
to Co, the minority spins experience a higher resistance 
when entering Co. This leads to accumulation of minor¬ 
ity spins near the interface. 

The sign and magnitude of the transient Cu XMCD 
intensity can be estimated by assuming a change of the 
spin dependent resistivities and chemical potentials at an 
interface between two bulk-like layers [1^ . The magnetic 
moment due to spin accumulation near a ferromagnet (F) 
and non-magnet (N) interface is derived in Ref. Q and 
for £ = F or N is given by, 

mi = -Di{E-p)[py[Q) - yL^{Q)\ ^ J 

= D,{Eb) 2(2«F-l)ANPNej 

l+4aF(l-aF)^ 

We can estimate the transient Cu moment for our layer 
thickness dcn = 28 nm. We assume that the spin current 
is due to the final Co layer from which electrons flow 
into Cu and use the following values for the spin depen¬ 
dent parameters for bulk Cu and Co [I^: the densities 
of states at the Fermi level T>Co(£’f) = 0.8atom“^eV“^ 
and Dcu{Ef) = 0.2atom“^eV“^, the spin asymmetry 
parameter for Co conduction aco = 0.8, the spin dif¬ 
fusion lengths Aco = 38 nm and Aqu = 350 nm, and 
the resistivities pco = 210 flnm and pcu = 17 flnm. For 
j = -|-l X10^^ A/m^, we obtain the transient Cu moments 
to be TOCu — 9.3 X 10“^/is, a factor of three larger than 
our experimental value of 3 x 10“® pB- 

Our model explains the sign reversals with the direc¬ 
tion of current flow shown in Fig. [2] and accounts for the 
fact that the moment due to spin accumulation on “bulk” 
Cu atoms revealed by Fig.[3]has the same sign (direction) 
as the static moments in the previously measured alloys 
[H. For the Co magnetization direction in Fig.0](a), the 
directions of the static Co and Cu interface moments are 
parallel, since in both cases there are more minority d 
holes, identified by yellow shading. The sign of the spin 
accumulation moment in the bulk of the Cu film follows 
from Fig.|4](b), which reveals a lowering of the chemical 
potential for the minority spins resulting in a surplus of 
minority holes. Hence in all cases the moment direction 
is the same. 

The higher energy peak in Fig. [3] cannot be explained 
within the above model which ignores the existence of in¬ 
terface states. Our results reveal a current-induced tran¬ 
sient increase of mcu — 4 x 10“^ pB or about 10% of the 
0.05 pb static magnetic moment per Cu interface atom. 
Although the two peaks have about the same size in in 


Fig.® the relative abundance of bulk and interface Cu 
atoms means that the moment change per Cu atom is 
about two orders of magnitude larger for the interface 
(4xlO“^/iB) than the bulk (3x10“®/xb) Cu atoms. 

We attribute the large difference in the transient mo¬ 
ments to the fact that the interface Cu atoms them¬ 
selves are magnetic through direct hybridization of their 
d states with Co yet are more sensitive to thermal 

and spin current effects than the Co moments. Indeed, 
the sign of the second peak in Fig. [3] corresponds to a 10% 
increase of the Cu interface moments in the current-on 
relative to the current-off cycle. Current pulsing leads 
to an average temperature increase in the pillar of or¬ 
der 100 K above room temperature. Due to cooling time 
scale being longer than the duration of current off cycle, 
the sample remains above room temperature even dur¬ 
ing the current-off cycle. While the Co magnetization 
remains stable within the temperature range < 400 K, 
the Cu interface moments are expected to decrease [i^ . 
When the current is on, we do not observe a further de¬ 
crease of the Cu interface moments due to Ohmic heating 
but rather a spin current induced increase. We attribute 
it to a spin-torque alignment or stabilization of the Cu 
interface moments. Finally we mention that conservation 
of angular momentum during the interfacial spin torque 
process will lower the spin current polarization in the 
bulk of the Cu film, in accord with the lower measured 
than calculated value. 

After submission of our paper we became aware of 
related spin-pumping XMCD studies by J. Li et al. 
http://arxiv.org/abs/1505.03959. Research at SLAC was 
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ergy Sciences of the U.S. Department of Energy. Work 
done at NYU was supported by NSF-DMR-1309202. S. 
Bonetti acknowledges support from the Knut and Alice 
Wallenberg Foundation. 
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